Blocking HIV-1 cell entry has long been a major goal of anti-HIV drug development. Here we report a successful design of two highly potent chimeric HIV entry inhibitors composed of one CCR5-targeting RANTES variant (5P12-RANTES or 5P14-RANTES; (1)) linked to a gp41 fusion inhibitor, C37. Chimeric inhibitors 5P12-linker-C37 and 5P14-linker-C37 showed extremely high anti-viral potency in single-cycle and replication competent viral assays against R5 tropic viruses, with IC 50 values as low as 0.004 nM. This inhibition was somewhat strain dependent and was up to 100 fold better than the RANTES variant alone or in combination with unlinked C37. The chimeric inhibitors also fully retained the antiviral activity of C37 against X4 tropic viruses, and this inhibition can be further enhanced significantly if the target cell co-expresses CCR5 receptor. On human peripheral blood mononuclear cells, the inhibitors showed very strong inhibition against R5 tropic Ba-L strain and X4-tropic IIIB strain, with IC 50 values as low as 0.015 nM and 0.44 nM, which are 45 and 16 better than the parent inhibitors, respectively.
before it can enter a cell. The HIV surface protein gp120 first makes contact with human cell surface protein CD4, which causes a conformational rearrangement in gp120, allowing the protein to then bind its co-receptor on the cell surface (either the chemokine receptor CCR5 or CXCR4). During this process, the HIV protein gp41 is exposed and its fusion peptide enters the cell surface. Toward the end of the infection process, the C-terminal helical trimer folds over to contact the N-terminal trimer of gp41, forming a 6-helix bundle that likely pulls the membranes of the two entities in closer proximity to assist fusion of the virus to the cell (4) (5) . Recently, it has been reported that some of these events may occur in the endosome (6) .
Inhibition of HIV entry can be achieved by blocking one or more of the events that lead to infection. Proteins, particularly lectins that bind to gp120, have been shown to be effective inhibitors (7) (8) (9) .
Fusion inhibitors, such as peptides that bind to gp41, can stop the 6-helix bundle formation (4) . In particular, so-called C-peptides that are derived from the C-terminus of gp41 effectively bind to the N-terminus of gp41 to inhibit infection. One of these peptides, T-20, has been approved for clinical use (10) (11) (12) . Another strategy to inhibit HIV infection involves binding the co-receptor on the human cell surface, particularly CCR5 (1, (13) (14) (15) (16) (17) (18) (19) (20) . Natural ligands for CCR5, namely chemokines MIP-1!, MIP-1" and RANTES, were found to be able to block HIV infection (21) . It was later shown that variants of these chemokines, particularly RANTES, could lead to even stronger inhibition (1, (13) (14) (15) (16) 20) . Despite the effectiveness of these entry inhibition strategies, many of them have serious drawbacks. While the recent RANTES variants are extremely potent, they work by binding CCR5, so are only effective against R5 tropic virus (1). While the C-peptides are effective against most strains of HIV, their potency is limited to nanomolar levels, and the virus can evolve to reduce the ability of the peptide to bind (4, (10) (11) (12) 22) .
Considering the stepwise nature of the HIV entry process, there are certain time windows in which multiple targets are simultaneously susceptible to inhibition. Binding of co-receptor inhibitors and fusion inhibitors to their targets can both be achieved after the exposure of gp41 and before gp120 interacts with its co-receptor. Evidence suggests that co-receptor binding is a key factor in the kinetic properties of fusion, and that lowered co-receptor density or weakened co-receptor-gp120 binding slows down gp41 mediated cell fusion and prolongs the time window of the intermediate states of gp41 for fusion inhibitors to bind (23) (24) . We reasoned that a properly engineered chimeric molecule containing one co-receptor inhibitor and one fusion inhibitor can block HIV cell entry at both steps more potently and could overcome the drawbacks of either individual component.
We chose to use CCR5 ligand RANTES variants 5P12-RANTES and 5P14-RANTES as the co-receptor inhibitor portion of our chimeric protein. These variants were recently developed by Gaertner et al., and are among the most potent R5 entry inhibitors yet reported, with HIV inhibition at mid-picomolar levels in in vitro assays (1, 13) . In addition to their high potency, they are small proteins that are able to be made recombinantly, and are easy to produce at low cost. For the fusion inhibitor part of the chimeric protein, we chose the C-peptide C37. C37 and the nearly identical C34 are well characterized C-peptides and are highly effective at nanomolar concentrations in vitro (4, 12, 22, (25) (26) . It has also been shown that covalently linking C34 to a range of un-related proteins did not diminish their anti-HIV activity, and in one case the linked C-peptide showed longer in vivo life time (27) (28) .
We report here the success of this strategy. Our chimeric inhibitors 5P12-linker-C37 and 5P14-linker-C37 show much higher anti-HIV potency than the parent inhibitors 5P12-RANTES, 5P14-RANTES and C37 against R5-tropic HIV strains, leading to HIV inhibition at low-picomolar level. The chimeric proteins also retain the anti-HIV activity of C37 against X4-tropic strains. This X4-tropic anti-HIV potency can be further enhanced up to 6,000 fold on certain target cell lines expressing both CCR5 and CXCR4 co-receptors. A clear mechanism of C37 delivery by the RANTES variants is observed and characterized, which is a key to the greatly enhanced activity of our chimeric inhibitors.
EXPERIMENTAL PROCEDURES

Protein Preparation.
The genes for 5P12-RANTES, 5P12-linker-C37, 5P14-RANTES, 5P14-linker-C37 and P2-linker-C37 were made using standard thermocycling methods. Oligonuleotides were purchased from Bioneer Corp (Alameda, CA). Mutations to 5P12-linker-C37 were made using the QuikChange Site-Directed Mutagenesis method (Stratagene, La Jolla, CA). These genes were expressed along with an N-terminal SUMO tag in the pET SUMO expression vector from Invitrogen (Carlsbad, CA). The vectors were transformed into BL21(DE3), and grown in 1 liter 15 N minimal medium using 15 NH 4 Cl as the only nitrogen source.
Protein production was induced with 1 mM IPTG when the absorbance at 600 nM reached 0.7. The cells were incubated with shaking for 20 hours at 22° after induction and then harvested by centrifugation. The cell pellet was resuspended in cracking buffer (500 mM NaCl, 20 mM Tris, pH 8.0) with 10 mM benzamidine, and French pressed twice at 16,000 psi. The solution was centrifuged at 20,000 !g for 30 minutes. The supernatant was discarded and the pellet was resuspended in 10 ml refolding buffer (5 M Guanidinium/HCl, 3 mM EDTA, 50 mM Tris, 50 mM NaCl, pH 8.0) with 10 mM "-mercaptoethanol.
The resuspended solution was incubated at room temperature for 2 hours with stirring followed by a centrifugation at 20,000 !g for 60 minutes. The supernatant containing the denatured protein was added drop wise into 90 ml folding buffer (50 mM NaCl, 20 mM Tris, pH 8.0) with 10 mM "-mercaptoethanol. The solution was incubated overnight at 4° and then precipitants were removed by centrifugation at 20,000 !g for 60 minutes. The supernatant was dialyzed in 4 liter dialysis buffer (50 mM NaCl, 20 mM Tris, pH 8.0) with slow stirring, and the buffer was changed after 6 hours. After dialysis, the solution was centrifuged again, and the supernatant containing the refolded protein was passed through a Ni chelating column (GE Healthcare) and eluted with imidazole in 500 mM NaCl, 50 mM Tris (pH 8.0) buffer. The purified proteins were dialyzed in 4 liter 50 mM NaCl, 20 mM Tris buffer (pH 8.0) to remove imidazole. To cleave the SUMO tag, recombinant yeast ULP1 protease was added and the solution was incubated overnight at 4°. (ULP1 protease was produced and purified in our lab as briefly described: ULP1 was expressed in LB medium using a pET-28b vector and the cells were collected and French pressed. The ULP1 protease from the supernatant was purified using a Ni chelating column). Precipitated matter was removed by centrifugation at 20,000 !g for 30 minutes and the product was separated from the SUMO tag using an acetonitrile gradient on a C4 reversed phase chromatography column (Vydac, Hesperia, CA) on an Akta purification system (GE Healthcare), and then lyophilized by the Labconco freeze dry system (Labconco Corporation, Kansas City, MO). In our hands, we were able to obtain a yield of 5 mg " %" pure protein from 1 liter E. coli prep. For proteins containing a 20-amino-acid linker, the protocol was modified to include an extra step of centrifugation to remove unfolded protein before adding TFA and acetonitrile for the final C4 column purification step.
C37 peptide: The N-acetylated and C-amidated fusion inhibitor C37 was purchased from Genescript (Piscataway, NJ).
NMR Spectroscopy.
All NMR data were acquired at 25 °C on a four-channel 600 MHz Bruker Avance III spectrometer equipped with a GRASP II gradient accessory and a TCI cryoprobe, which has an actively-shielded Z-gradient coil. NMR samples were prepared by adding 15 N-labeled lyophilized proteins into 20 mM sodium phosphate buffer (pH = 2.5) with 5% D 2 O. The chemical shift was referenced relative to internal DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid) (29) . The data were processed using NmrPipe (30) and analyzed using PIPP (31 The next day, after changing the medium, different concentration of inhibitors were added to the wells and mixed, and then the virus particles were added. The final volume was adjusted to 100 µL per well. After incubation for 3 days (the medium was changed once), the cells were lysed and the substrate CPRG was added (as described above).
The absorbance signal at wavelength 570 nm and 630 nm were measured and the 570/630 ratio for each well was calculated. The data were plotted using Microsoft Excel, and the IC 50 was determined using a linear equation fitted between two data points surrounding 50% inhibition. For presentation purposes, data shown in the figures were plotted and fitted as curves using a four-parameter logistic equation in Kaleidagraph (Synergy Software, Reading, PA).
Replication competent viral assay and PBMC assay. The replication competent viral assays were performed as previously described (56). TZM-bl cells were used for both the CCR5 and CXCR4 tropic assays and the HeLa-CXCR4 cells were used for the control X4 only assays. The PBMCs were freshly isolated and used in viral assays as previously described (56-57). The viruses used to infect the target cells were HIV-1 Ba-L, ADA (CCR5 tropic), and IIIB (CXCR4 tropic) strains. Each assay was conducted in parallel with control compounds AMD3100 (CXCR4 inhibitor; positive control inhibitor for IIIB, and negative control inhibitor for Ba-L and ADA) and TAK779 (CCR5 inhibitor; positive control inhibitor for Ba-L and ADA, and negative control inhibitor for IIIB) (data not shown). Cytotoxicity of the inhibitors was assayed using the CellTiter 96 AQueous One Solution cell proliferation assay (Promega) (56). All tested compounds showed no toxicity at the highest tested concentration (100 nM). Data were plotted and presented as described for the single-round viral assays.
Receptor density comparison using flow cytometry.
The CCR5 receptor expression levels on HeLa-TZM-bl cells and HeLa-P5L cells were compared using flow cytometry. The cells were incubated with FITC conjugated anti-CCR5 antibody (clone 2D7, BD Biosciences), and the fluorescence values were determined using a FACSAria cytometer (BD Biosciences). Flow cytometric data was analyzed using FlowJo software (TreeStar).
RESULTS
Design of the chimeric inhibitors. 5P12-RANTES and 5P14-RANTES are variants of the chemokine RANTES developed by Gaertner et al., each with 10 different amino-acid mutations at the N-terminus (1). Unlike natural RANTES which is an agonist to CCR5, 5P12 triggers neither receptor sequestration nor cell signaling, while 5P14 causes receptor sequestration but not signaling (1) . Lack of receptor-signaling activity is a valuable property in an anti-HIV agent since immunologic activation could lead to more susceptibility to HIV infection. The flexible N-terminus of both 5P12 and 5P14 are critical for
their receptor related anti-HIV function (1), but the C-terminal amino acids, which typically form an "-helix in the chemokine structure, are likely not functionally important. So we choose to link the C37 peptide to the C-terminus of 5P12 and 5P14, leaving the N-terminus intact. The C-termini of 5P12-RANTES and 5P14-RANTES were covalently linked to the N-terminus of C37 peptide using 10-amino-acid flexible glycine/serine linkers "GGGGSGGGGS". We denoted the engineered chimeric proteins 5P12-linker-C37 and 5P14-linker-C37. All the individual RANTES variants and chimeric inhibitors were expressed in E. coli, and purified to no less than 95% purity as determined by SDS-PAGE. Proteins were tested by NMR to determine the structural integrity. 1 H- 15 N correlation spectra revealed that all proteins are folded ( Figure 1 ). 5P12-linker-C37 and 5P14-linker-C37 exhibited the same peak placement as free 5P12 and 5P14, respectively, except for the extra peaks in the unstructured region of the spectrum, which are likely caused by the linker and the C37 peptide, which is known to be unstructured in the absence of its binding partner (26) . These data indicate that linking C37 to a RANTES variant does not compromise the native structure of the RANTES variant.
Anti-viral potencies of 5P12-linker-C37 and 5P14-linker-C37 against R5-tropic HIV viruses.
In vitro assays including cell-cell fusion assays, single-cycle viral infection assays, replication-competent viral assays and PBMC assays were conducted to evaluate the anti-viral potencies of the chimeric inhibitors ( Figure 2 ). Control compounds including RANTES variants alone, C37 alone, and a mixture of RANTES variants with C37 (1:1 ratio, unlinked) were tested in parallel with the chimeric inhibitors.
In R5-tropic cell-cell fusion assays, consistent with previously published data (1), 5P12-RANTES and 5P14-RANTES showed anti-HIV IC 50 values of 50 pM and 30 pM, respectively, while the IC 50 of C37 was in the low-nano-molar range, two orders of magnitude higher.
As expected, because of the large differences of the RANTES variants and C37 in anti-viral potencies, simply mixing 5P12 or 5P14 with C37 in 1:1 ratio exhibited similar potency as 5P12 or 5P14 alone. But the chimeric inhibitors exhibited anti-viral potencies stronger than either of the components alone, or the unlinked combination of the two (Figure 2A , B, Table S1 ). These findings suggest that the enhancement is not due to simply adding two inhibitors together, but rather an intra-molecular mechanism of the covalently linked inhibitors.
Further testing with multiple strains of R5 virus in single-cycle viral infection assays in TZM-bl cells revealed similar results (Table 1 , Figure 2C, D) .
For all 6 strains tested, 5P12-linker-C37 and 5P14-linker-C37 exhibited up to 100 fold greater potency compared to 5P12 and 5P14 alone, or compared to a 1:1 mixtures of them with C37 (Table 1 and S3) . It was also found that the potency enhancement is strain dependent: For virus strains that are particularly sensitive to C37, such as Ba-L, 5P12-linker-C37 and 5P14-linker-C37 showed 70 -and 23 -fold potency enhancement over 5P12 and 5P14, respectively. But for virus strains that are less sensitive to C37 such as 6535, 5P12-linker-C37 was only 2.5 fold better than 5P12, while 5P14-linker-C37 showed no enhancement over 5P14.
These data indicate that the linked C-peptide is critical for the potency enhancement of the chimeric inhibitor, and suggest that the effectiveness of the fusion inhibitor part of the chimera against a specific viral strain determines the magnitude of the relative potency enhancement over the RANTES variant alone ( Figure S1 ).
A series of assays with replication-competent virus were also carried out. CCR5 tropic HIV-1 " (" ADA and HIV-1 Ba-L strains were used to infect TZM-bl cells at different concentrations of inhibitors.
Compared to the results of the single-round viral infection assay, all inhibitors were less effective in inhibiting viral replication. For example, 5P12-RANTES and 5P14-RANTES had nanomolar rather than mid-picomolar inhibition against tested strains. But the chimeric inhibitors consistently showed stronger inhibition, with 5P12-linker-C37 showing up to 157 fold enhancement over 5P12 alone, and with 5P14-linker-C37 showing up to 56 fold better inhibition than 5P14 alone (Table 2, Figure 2E , F).
As describe above, the chimeric inhibitors consistently showed better inhibition than the parent compounds against HIV in engineered cell lines, which may be different than natural human cells in properties such as receptor expression level. To determine the success of these chimeric inhibitors on primary human cells and to get an estimation of their potency against HIV on its natural targets, the inhibitors were tested on human peripheral blood mononuclear cells (PBMCs). The PBMC results confirmed the previous findings, with 5P12-linker-C37 being 45 fold better than 5P12 alone, and 5P14-linker-C37 being 26 fold better than 5P14 alone against the Ba-L strain (Table 3) . Further testing on primary strains confirmed the higher potency of 5P12-linker-C37 compared to 5P12, although 5P14-linker-C37 appeared to have similar activity as 5P14 (Table 3) .
Anti-viral potencies of 5P12-linker-C37 and 5P14-linker-C37 against X4-tropic HIV viruses. 5P12 and 5P14 work by binding CCR5 and are therefore only effective against R5-tropic virus. As expected, they showed no inhibition against X4 envelopes, either in cell-cell fusion assays or in viral assays using X4-tropic virus against Magi-X4 cells (Table 1 , Figure 3A, B) . In contrast, the peptide C37 is active against both R5 and X4 tropic virus due to its ability to bind gp41, and this peptide exhibits nanomolar-level inhibition potency in X4 fusion and viral assays. The designed chimeric inhibitors 5P12-linker-C37 and 5P14-linker-C37 also show anti-X4 activities due to the action of the C37 segment of the molecule, as shown in Figure 3A and B. These chimeric inhibitors exhibit IC 50 values nearly identical to C37, demonstrating the effectiveness even when the other segment (the RANTES variant) is not utilized for the inhibition.
More striking results are observed when performing assays with X4-tropic virus on the TZM-bl cell line, which expresses both CXCR4 and CCR5 receptors. While the IC 50 of C37 alone remains the same as on the Magi-X4 cell line, the anti-viral potency of the chimeric inhibitors increased 400 -and 6,000 -fold compared to C37 in cell fusion assays and in single-cycle viral assays against the HXB2 strain, respectively (Table 1 , S2, Figure 3C, D) . Parent inhibitor controls 5P12-RANTES and 5P14-RANTES showed no inhibition, indicating that CCR5 binding by the RANTES variants does not inhibit X4-tropic viral entry, as expected. Furthermore, potency enhancement was not observed when 5P12 or 5P14 were mixed with C37 in 1:1 ratio, which led to the same activity as C37 alone. The higher potency of the chimeric proteins against X4 virus under these conditions suggests that the strong enhancement was due to an intra-molecular mechanism involving both components of the chimeric protein.
This enhancement likely involves the RANTES variants being bound to CCR5 receptors, placing the C37 part of the chimera in the proper position to bind its target gp41.
Given the fact that CCR5 and CXCR4 receptors form hetero-oligomers on the cell surface (58) (59) , it is very likely that by binding to the CCR5 receptors, the RANTES variants in the " )" chimeric protein could specifically deliver C37 to its virus target, which is presumably using the nearby CXCR4 as a co-receptor, to achieve the strong enhancement of X4 inhibition potency. To provide evidence for this, we carried out experiments in which the CCR5 receptors were blocked prior to adding X4-tropic virus and the chimeric inhibitors.
In both fusion and single-cycle viral assays, target cells were pre-incubated with 100 nM 5P12 or 5P14 before 5P12-linker-C37 or 5P14-linker-C37 were added. Since the CCR5 receptors were blocked by excessive amount of RANTES variants and the chimeric inhibitors could not bind to CCR5 receptors, their X4 inhibition potency reverted to that of C37 alone ( Figure 3E, F) Replication-competent viral assays were also conducted to confirm the anti-viral activities of the chimeric inhibitors against X4-tropic virus replication. Similar results were observed as from the single cycle assays: while the chimeric inhibitors 5P12-linker-C37 and 5P14-linker-C37 showed the same IC 50 values as C37 on HeLa-X4 cells (which express only CXCR4 receptors on the surface), they exhibited 1500-1900 fold increased potency over C37 against the X4 tropic HIV-1 IIIB strain on TZM-bl cells which co-expressed CCR5 and CXCR4 receptors (Table 2) . Altogether, the data show that chimeric inhibitors fully retain the anti-X4 activity of C37, and that this anti-X4 potency can be further enhanced when the target cells co-express CCR5 on the surface. Viral assays against PBMCs, some of which also express both CCR5 and CXCR4 receptors on the surface, were then carried out to evaluate the X4 tropic anti-viral potencies of these chimeric inhibitors on natural human cells. As expected, 5P12 and 5P14 alone did not show any inhibition against the X4-tropic HIV-1 IIIB strain. The peptide C37 alone showed an IC 50 of 7 nM. The chimeric inhibitors, however, showed inhibition that was up to 16 fold better than C37 alone as judged by IC 50 , most likely due to the coexpression of CCR5 receptors on some of the cells (Table 3 ). This result showed that the chimeric inhibitors were extremely potent against X4-tropic viruses even on natural human cells. Further testing on clinical X4-tropic strains CMU02 and 92UG029 exhibited 260-fold and 68-fold improvement by 5P12-linker-C37 over C37.
5P14-linker-C37 also showed greatly enhanced activity over C37 for strain CMU02, although not for 92UG029 ( Table 3) .
The chimeric inhibitors were also tested against a clinical dual-tropic strain, 92UG001. In this case, the RANTES variants 5P12 and 5P14 alone showed no activity, while C37 had an IC 50 of 59 nM.
Both 5P12-linker-C37 and 5P14-linker-C37 showed several fold increased potency over C37 alone (Table 3) .
Mechanism of the chimeric inhibitors. In vitro assays, including R5 and X4 tropic cell fusion assays, single-cycle viral infection assays, replication-competent viral assays, and PBMC assays indicate the success of the strategy to covalently link RANTES variants with a C-peptide. These experiments also provide evidence suggesting the high potency is probably due to the excellent inhibition of the RANTES variants, along with its ability to specifically deliver C37 to its gp41 target. Therefore, experiments were designed to further characterize the mechanism of action of the chimeric inhibitors, first focusing on the relative importance of the C37 segment.
A series of mutations were made to 5P12-linker-C37 (Figure 4 , Table 4 , S4), and the corresponding effects were evaluated with cell fusion and single-cycle viral assays. It has previously been shown that that the mutation of Ile to Asp in position 642 in the C-peptide causes a 10,000 fold drop of anti-HIV activity, almost completely abolishing its function, while the Ile mutation to Asp at position 656 causes a moderate, 80 fold decrease of activity (23) . Therefore, mutations to Asp were made in the 642th and 656th positions of C37 in 5P12-linker-C37. To test whether these mutations reduce the activity of the C37 segment of the chimeric protein, we tested the mutants with Magi-X4 cell based fusion and viral assays. 5P12-linker-C37I642D completely lost its ability to inhibit X4-tropic virus at lower than 500 nM concentration, while 5P12-linker-C37I656D showed 10 -and 3 -fold decrease in activity in fusion and viral assays, respectively, compared to the wild type chimera ( Figure 4A , Table 4 , S4). These mutations that weaken the potency of the C-peptide also reduced the overall effectiveness of the chimeric protein against R5-tropic viruses. The anti-viral potency of both 5P12-linker-C37I642D and 5P12-linker-C37I656D were much lower compared to 5P12-linker-C37, inhibiting similarly to free 5P12 ( Figure 4C , Table 4 , S4). A decrease in anti-viral potency was observed in X4-tropic viral assays on TZM-bl cells that contain both CCR5 and CXCR4 on the surface ( Figure 4E , Table 4 ).
The RANTES portion of 5P12-linker-C37 was also mutated to determine the role of the RANTES segment in the whole chimeric protein.
In particular, the N-terminus (the first 10 amino acids) of the potent 5P12 was changed to form another RANTES variant, "P2-RANTES". P2-RANTES is also an R5 ligand, but with lower anti-viral potency against R5 virus (nanomolar-level inhibition in cell fusion and pseudotyped viral infection) (13) . Substitution of the RANTES part of the linker protein did not affect the C-peptide portion of the chimera, as evidenced by the similar activity of P2-linker-C37 as 5P12-linker-C37 and C37 in Magi-X4 cell based X4-tropic assays where only the C37 portion would be expected to be active (Table 4, S4, Figure 4A ). But this variant did show decreased activity in R5 and TZM-bl X4 assays (Table 4 , Figure 4C , E). Therefore the RANTES portion of the chimeric protein is also critical for the enhanced activity.
These data indicate that both parts of the linker protein are necessary and that they both have to be functioning to show an enhancement of potency.
Having demonstrated the necessity of both portions of the chimera, we hypothesized that the observed enhancement of the chimeric inhibitors was likely due to the specific delivery of C37 to the nearby gp41 target by the RANTES variant as it binds to the CCR5 co-receptor. To probe this possibility, we tested the effects of different linker length on the overall activity of the linker protein.
Mutant chimeric inhibitors with 3-amino-acid linker "GGS" and 20-amino-acid linker "(GGGGS) 4 " were made to compare with our 5P12-linker-C37 which has a flexible 10-amino-acid linker (GGGGS) 2 . NMR experiments were done to confirm the structural integrity of the mutants (data not shown). The spectra showed that the 20-amino-acid long linker led to a significant portion of unfolded protein using our regular purification method, so we modified the protocol to obtain pure and fully folded chimeric protein with the 20-amino-acid long linker. Finally, 2D HSQC spectra verified the structural integrity of all mutant chimeric proteins and showed that the change of linker length did not affect the structure of 5P12 (data not shown). As a control, X4-tropic single round virus assays using Magi-X4 cells (containing no CCR5) confirmed that different linker length did not affect the anti-viral function of the C37 portion of these chimeras (Table 4, Figure 4B ). This was expected, since we have already shown that under these conditions the C-peptide is the only component involved in inhibition while the
RANTES variant is not active against X4 tropic strains. In contrast, R5 tropic viral assays with 3 different strains showed that the shorter linker 5P12-GGS-C37 has the lowest anti-viral potency, 15-fold lower compared to that 5P12-linker-C37. The moiety with the longer linker 5P12-(GGGGS) 4 -C37 showed almost the same activity as 5P12-linker-C37 (Table 4 , Figure 4D ). Similar results were observed in X4-tropic assays using TZM-bl (containing both surface R5 and X4) as target cells, where 5P12-GGS-C37 showed the lowest ability to inhibit and where 5P12-linker-C37 has similar activity to 5P12-(GGGGS) 4 -C37 (Table 4 , Figure 4F ).
Since the individual activities of 5P12 and C37 were not affected, the change in anti-viral activity in these altered chimeras was likely caused by the change in linker length. The data suggests that the linker must be long enough to allow both parts of the linker protein to be functional and supports the hypothesis that the enhancement of potency in the chimeric inhibitor is due to the specific delivery of C37 to the nearby gp41 target by the RANTES variant as it binds to CCR5.
DISCUSSION
In this paper, a potent strategy to inhibit HIV by targeting multiple steps of HIV cell entry is described. It was reasoned that during the HIV entry process, there are time windows when co-receptor inhibition and gp41 fusion inhibition can be achieved simultaneously. Based on this hypothesis, we designed chimeric inhibitors that contain both a co-receptor inhibitor and a fusion inhibitor, and the two components were linked together using a flexible glycine/serine linker. The chimeric inhibitors 5P12-linker-C37 and 5P14-linker-C37 exhibited anti-viral potency higher than either of the individual components alone or in combination. They were able to inhibit R5 tropic HIV at low picomolar level in all the in vitro assays, and therefore are among the most potent entry inhibitors yet reported. The chimeric inhibitors also fully retained the anti-X4 activity of C37, and this anti-X4 potency can be further enhanced when the cells co-express CCR5 on the surface. The chimeric inhibitors therefore overcome the major drawbacks of the parent co-receptor inhibitors 5P12 and 5P14 which lack activity against X4 tropic virus. Another advantage is that by blocking HIV entry at two steps, the chimeric inhibitors are less likely to be evaded by virus through mutations.
A few potent protein-based chimeric HIV entry inhibitors have been previously reported (60) (61) (62) . Most relevant to the present work is a similar strategy recently reported using an antibody to CCR5 covalently linked to two T-2635 fusion inhibitors (60) . This molecule, called BFFI, also blocks HIV at both the co-receptor binding step and the 6-helix bundle formation step, and showed very strong anti-viral activity. However, this BFFI only exhibited 2 fold potency enhancement over the parent CCR5mAb in PBMC assays against R5 tropic viruses, despite the large enhancement shown in the TZM-bl cell based in vitro assays.
BFFI also failed to inhibit X4-tropic viruses on cell lines expressing only CXCR4 receptors or on PBMCs. Against X4-tropic virus, BFFI was only active when the cells co-expressed large amounts of CCR5 along with CXCR4. This is probably because the large mAb sterically blocked the effective binding of the fusion inhibitor to its target (28) . Another major drawback of BFFI was that it is produced in mammalian cells, making large-scale production of this inhibitor less feasible due to expense. Our chimeric inhibitors, on the other hand, are straightforward and inexpensive to produce in E. coli, highly active against R5 viruses, active " !!" against X4-tropic viruses regardless of the presence of CCR5 receptors on the surface of the target cell, and are extremely potent on PBMCs.
The overall effectiveness of our chimeric inhibitors relies heavily on two major factors aside from the components' innate effectiveness: viral susceptibility to the C37 peptide, and CCR5 receptor density on the target cell. As shown in Table 1 , we tested the effectiveness of the chimeric inhibitors on 6 different single-cycle R5 viruses. The viruses showed variable sensitivity to C37, with C37 inhibition IC 50 ranging from 15 nM to 261 nM, while showing quite similar sensitivity to 5P12 or 5P14 alone. The relative potency enhancement of the chimeric inhibitors over the parent RANTES variants similarly varied from 1 to 100 fold, and was largely in proportion to the virus' susceptibility to C37: generally, the more sensitive the virus to C37, the more potency enhancement of the chimeric inhibitor over the RANTES variants alone against that virus ( Figure  S1 ).
The effectiveness of the chimeras also depend on receptor density on the target cells, which is also true for other inhibitors (63) : Lower receptor density leads to more sensitivity to inhibition. In the present work, R5-tropic fusion assays were carried out on two cell lines with differing amounts of CCR5 on the surface, and the results showed that the lower the CCR5 density, the more potent the chimeric inhibitor ( Figure S2 , table S5).
Extensive in vitro viral assays and mutagenesis studies were carried out to investigate the mechanism of the chimeric inhibitors. In R5 tropic viral assays, the chimeric inhibitors showed up to 100 fold potency enhancement over the parent RANTES variants while a simple mixture of the RANTES variants and C37 showed no enhancement, indicating that C37 enhanced the R5 anti-viral potency of the RANTES variants, and the mechanism involves both components being covalently linked. Similar conclusions can be drawn from the results of an X4 tropic viral assay on TZM-bl cells, which contain both CCR5 and CXCR4 on their surface. While the only active part of the chimeric inhibitor against X4 tropic virus is C37, as much as 6000 fold enhancement of potency was observed. This effect disappeared when the CCR5 receptors were blocked, suggesting that the RANTES variant binds CCR5 and specifically delivers the C37 portion of the chimera to gp41. Mutagenesis on either part of the chimeric protein showed that both parts are essential and that they are likely functioning at the same time.
Change of linker length also provided valuable information about the spatial requirements of this intra-molecular mechanism.
Based on these findings we propose the following model to explain the mechanism of our chimeric inhibitors on both R5 and X4 tropic viruses. The inhibitors likely inhibit R5 tropic virus by binding to both the CCR5 co-receptor and the gp41 N-terminal trimer of hairpin simultaneously or near-simultaneously. By binding to the co-receptor, the chimeric inhibitors could specifically deliver C37 near to its target on gp41, and potentially increase the local concentration of C37 on the cell surface ( Figure  5A ).
When inhibiting X4 virus on cells containing only CXCR4 receptors, the chimeric inhibitors behave essentially as C37 alone by binding only to gp41 ( Figure 5B ). When the cells express both CCR5 and CXCR4, the chimeric inhibitors can deliver C37 to its target by binding to a CCR5 receptor that is presumably in proximity to a CXCR4 that is being used as a co-receptor for infection due to the known hetero-oligomerization of CCR5 with CXCR4 (58) (59) . By specific delivery of C37 to its target and possibly increasing the local concentration of C37 on the cell surface, the chimeric inhibitors
block HIV more efficiently than C37 alone ( Figure  5C ).
We report here the success of a strategy to covalently link potent CCR5 binding proteins with a gp41-binding C-peptide.
The chimeric inhibitors exhibited extremely high anti-viral potency, and were able to inhibit R5, X4 and dual tropic viruses including clinical strains. Since the inhibitors block HIV at two steps, they are likely more resistant to viral mutations. Also, as fully recombinant inhibitors, they are inexpensive and relatively easy to produce.
Overall, these inhibitors are excellent candidates for HIV microbicides. This work could also provide insight for a general approach for optimizing existing HIV entry inhibitors or designing new inhibitors.
" !'" Mutations on the C37 segment of 5P12-linker-C37 cause reduced or loss of activity against X4-tropic virus, while substitution of 5P12 with a different N-terminus (that of P2-RANTES) has no effect against X4-tropic virus. The X4-tropic antiviral potency was determined on Magi-X4 cells (which express only CXCR4, but not CCR5, on the surface) against HXB2 strain pseudotyped virus particles. C. Mutations on either the RANTES variant segment or the C37 segment of 5P12-linker-C37 cause reduced activity against R5-tropic virus. The R5-tropic antiviral potency was determined using TZM-bl cells (which express both CCR5 and CXCR4 on the surface) against Ba-L strain pseudotyped virus particles. E. When the cells co-express CCR5, mutations on either the RANTES variant segment or the C37 segment of 5P12-linker-C37 cause reduced activity against X4-tropic virus. The X4-tropic antiviral potency was determined on TZM cells (which express both CCR5 and CXCR4 on the surface) against HXB2 strain pseudotyped virus particles. B. Changing the original 10-amino-acid linker to a shorter 3-amino-acid linker or a longer 20-amino-acid linker does not affect the native activity of C37 against X4 tropic virus. The X4-tropic antiviral potency " !(" was determined on Magi-X4 cells (which express only CXCR4, but not CCR5, on the surface) against HXB2 strain pseudotyped virus particles. D, F. 5P12-3AA-C37 shows reduced anti-viral activity in both R5-tropic single-cycle viral assays and TZM-bl cell based X4-tropic single-cycle viral assays, while 5P12-20AA-C37 shows very similar activity to 5P12-linker-C37. The R5-tropic antiviral potency was determined using TZM-bl cells (which express both CCR5 and CXCR4 on the surface) against Ba-L strain pseudotyped virus particles (D). The TZM-bl cell based X4-tropic antiviral potency was determined on TZM cells against HXB2 strain pseudotyped virus particles (F). Data shown are typical results of single assays done in triplicate. Error bars represent standard deviations of the data. Refer to Table 3 and Table S4 for number of repeats.
FIG. 5. Model of action of the chimeric inhibitors:
A. during the process of R5 tropic viral entry, the chimeric inhibitor can bind to the CCR5 receptor and block the co-receptor-gp120 interaction, and at the same time delivers the C37 fusion inhibitor to the nearby gp41 targets. In this way, the chimeric inhibitor blocks R5-tropic HIV entry at both steps more effectively. B. during the process of X4-tropic viral entry, only the C37 part of the chimeric inhibitor is active, and the chimeric inhibitor functions as a fusion inhibitor by binding to the N-terminal trimer-of-hairpins of gp41. C. When the target cells of the X4-tropic virus co-express both CCR5 and CXCR4 receptors, the chimeric inhibitors can inhibit viral entry more efficiently. Since CCR5 and CXCR4 form hetero-oligomers on the cell surface, the chimeric inhibitors can bind to CCR5 and deliver the C37 peptide to the nearby X4 infection site. By specific delivery of C37 to its target and possibly increasing the local concentration of C37 on the cell surface, the chimeric inhibitors block HIV more efficiently than C37 alone. Table 1 VSV-G Ctrl > 500 > 500 > 500 > 500 > 500
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